THE ROLE OF LATTICE QCD IN FLAVOR
PHYSICS

OUTLINE

1 .Flavor physics and its motivations

2 .First row unitarity and the
Cabibbo angle

see also talks by: . . . )
M.Wingate (Locp) - The unitarity triangle analysis

I.shipsey (Exp.) 4 New Physics
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FLAVOR PHYSICS
AND ITS
MOTIVATIONS



THE STANDARD MODEL.:
A LOW ENERGY EFFECTIVE THEORY

CONCEPTUAL PROBLEMS The most obvious:
o 6ravity: My .. = (hc/6)!/2 = 101° GeV

PHENOMENOLOGICAL INDICATIONS
o Unification of couplings (Mgyy = 1015-1016 GeV) | = =

o Dark matter (£2,, = 0.35) o

o Neutrino masses K ;m_

o Matter/Anti-matter asymmetry (not enough QF( in the SM)

o Cosmological vacuum energy

EmA'=(034)° = A=0(1 TeV) 3
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@ We do not understand flavor physics:
Why 3 families? Why the hierarchy of masses?

9@ We expect New Physics effects in the flavor sector:

‘ @ 10 parameters in the quark sector (6 m, + 4 CKM)

‘ @ Is the CKM mechanism and its explanation of 2P correct?




PRECISION ERA OF FLAVOR PHYSICS
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We need to control the theoretical
input parameters at a comparable level
of accuracy !
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FIRST ROW
UNITARITY AND THE
CABIBBO ANGLE



Ivud|2 + Ivus|2 + Ivubl2 = 1
The most stringent unitarity test

SFT: V, 4| =0.9740 £ 0.0005 Extremely precise, 9 expts

N B-dec: |V, 4| =0.9731£0.0015 9v/94. will be improved at PERKEQ, Heidelb.
LLPY V 4l =0.9765 £ 0.0056 Theor. clean, but BR=10-8 PIBETA at PSI
Average: |V, 4| =0.9739 *0.0005 G.Isidoriet al., CKM 2002 Workshop

‘ K—mev: [V,|=0.2196 £ 0.0026 PDG 2002 average

‘ b—u V.| = 0.0036 + 0.0007 [V,,]2 = 10-5

IV 2 + [V, o]2 + [V |2 -1 =-0.0042 + 0.0019

| "Old” 20 discrepancy !




The NEW experimental results

1 Unitarityand V
A Review (hep-ph/0307214)

BNL-E865

PRL 91, 261802
(and Moriond ’04)

|
K;s ng Hyperons fn/fx

KTEV

£0)(1-V ™ Vo [)

|-

Leutwyler and Roos [9]
Bijnens and Talavera [11]
Becirevic et al. [12]
Jamin et al. [13]




Theory: 2 recent lattice contributions

1) LEPTONIC DECAYS:

2
)2 0.9930(35)

—5 [Rad.Corr.]

D,EE....l.........

[ €L = 0.¥2; 0.7

.20
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LQ G.18 |

L)

oF | <
~— .18

f.=129.5 + 0.9, * 3.6, MeV

fi = 156.6 + 1.0, + 3.8, ,, MeV

Be’rer' "a-g_éle;ﬁn-’r
f /f_=1.210 + 0.004,,, =+ 0.013, with unitarity!l

C.Bernard, update of Marciano 2004: |Vus| = 02219(26)
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2) SEMILEPTONIC KI3 DECAYS:

p )
Moo= ¢ S lul e s (143, 1 £,(0)2
é The largest th. uncertainty from:
K ™ £.(0) = 1 - O(m,-m,)?
d [Ademollo-Gatto theorem]

ChPT “Standard” estimate:

f.O)=1+f, + f, + O(PB) ‘ er(;ﬁi;( Mo;;él_) )
/t \ \ f, = -0.016 * 0.008

Vector Current f,==0.023 THE LARGEST

Conservation Independent of L, UNCERTAINTY
(Ademollo-Gatto)
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ChPT: The complete O(p®) calculation

Post, Schilcher (2001), Bijnens, Talavera (2003)

8
fo = Biogps(M) = T3 [C1 () + Cs0 ()] (M= M)’

Ci, (M) and C;, (M) can be determined from the slope and the curvature of
the scalar form factor. Experimental data, however, are not accurate enough.

... and models

Jamin et al.,f,9“=-0.018 £0.009 [Coupled channel dispersive analysis]
Cirigliano et al., f,°°=-0.012 [Resonance saturation]
Cirigliano et al., f;°°=-0.016+0.008 [QM, Leutwyler and Roos]

U=7272 A (1GeV) = 0.004 A (M) = 0015 A, (M) = 0.031

Cirigliano et al., f<™(0)= 0.981 % 0.010
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The Lattice QCD calculation

1) Evaluation of fo(quax)

The basic ingredient is a double [| =~ fo(q:nax) | N
ratio of correlation functions: |
1.0100 | : }
|
R <TT‘ if‘:(, u ‘ J_I{> (I{‘ﬁ":g S‘ﬂ' > 10075 | i
L — = -
T la0u ) (K15705K) | il IR
|
|
Mg +Mz)? , o o ||™ |
— ( '_]:I:\I_'_r'l.‘l[‘) .]L[:'{{_f:r-'rff'JH + %Q ] i .!§ § |
IV AV 1.0000 ——— §—§————}———:————¢ ———————— —
|
[FNAL for B—>D*] 0975006 —00a 002 o.loo o0z 004 0.6
az(mzK—mi)2




2) Extrapolation of fy(qiax) to f,(0)

2
t(q) f,(¢)
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Comparison of polar fits:
LQCD: A.=(25%2)103 AN=(12%2)103
KTeV: A,=(24.11%0.36)103 A,=(13.62%0.73)10-3




3) Chiral extrapolation

ROMM) - f.(0)-1 -szUEN

175 ;i ——- Quadratic | 1 M2 — M 2 y2
& = Logarithmic K m

no ﬂl M - Computed in Quenched-ChPT
o | o The dominant contributions to the

systematic error come from the

0.0

b Twe en s om uncertainties on the g2 and mass
dependencies of the form factor

aM_ +a M

N 1" (0) = 0.960  0.005,,,, + 0.007,,,

[Quenching error is not included]  EREQR«Te[QXT\T1h S04 (MY
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THE UNITARITY
TRIANGLE ANALYSIS
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5 CONSTRAINTS
2 PARAMETERS

Hadronic Matrix
Elements from
LATTICE QCD

f.,F(1),... &
BK

(b—>u)/(b—c) p2 + n?2
€k n[(1-p) + P]
Am, (1- P)2 + N2 f2, Bg,
Amgy/ Amg (1-p)? + 2
AUlyKs) | sin2p(p,n) | —

THE UNITARITY TRIANGLE ANALYSIS

ViaVib + VedVep + VigVip =
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‘ Bayesian and frequentist: 2 stat. approaches

10111
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on the CKM Unitarity Triangle
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The Bayesian approach
The Bayes Theorem: P(A/B) ~ P(B/A) P(A)

f(ﬁ,ﬁ, X|C1,...,Cm) Njgmfj(cl Blﬁ zx) iHNfi(xi) fo(azﬁ

Integrat. over x

= f(p.nlc)~ L(clp,n) f,(r,n

\ By B
The p.d.f. f(x;) represents our "degree of beliefs" /\

The Frequentistic approach

The theoretical likelihood do not contribute to the x2 of the fit
while the corresponding parameters take values within the
"allowed” ranges. Instances where even only one of the
parameters trespasses its range are not considered.




Example: B, =0.86 + 0.06 + 0.14

Bayesian Frequentistic

In the frequentistic approach the selected region does not have
a precise statistical meaning (“at least 95%"). Nevertheless, if
same likelihood are used, the output results are very similar

Estimates of the uncertainties for lattice

determinations should be given by the lattice
community




Unitary Triangle Analysis:
LQCD INPUT PARAMETERS
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K - K mixing and B,

Stat., Quench.,
Match. Chiral

A §K= 0.87 £ 0.06 + 0.13
B.=0.86 * 0.06 * 0.14 [L J

ATTO03 average: D. Becirevic

Error: 7% 16%

: . o Error from other sources J
Projected: 1% { ~ 10% (mainly V.,)

From the UT fit

Probability density
=

B, = 0.65 £ 0.10
15%




B., - B,, mixing: f,VB, and ¢ (I)

Bd/ s

\

Stat & Syst
fz\Bg.= 270 £ 40 MeV
fBS\/BBS — 276 i 38 Mev LATTO3 average: A. Kronfeld y

Error: 14% i
Projected: 5% — §

From the UT fit

Probability density
=

fo VBg, = 279 £ 21 MeV
8%
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B, - B, mixing: f,VB, and § (II)

Bd/s
Stat. Syst.
=124 * 0.04 £ 0.06 §=1.25%0.10
LATTO3 average: A. Kronfeld
Error: 3% 5%
Projected.: 3%
From the UT fit |
8
§=1.22 £ 0.05 |*-
4% g ]
23




Vcb fr'om exclusnve semll B decays

Exp. Theor.

Ech
=(421 £ 11 £ 1.9)-103 V=AMl /'/
Error: 2.6% 4.5% o c ',
B D
Projected: ?7 d

Mainly from LQCD, FNAL
AT CO RO RCA R JONOL Y Compatible with QCDSR and HQET
+ Quark Model

Dominant
IncI — (41 4+07 0 6) 10-3 H contribution to
= vl = M the average

Aver

= (41.5 % 0.7)-10
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V,, from exclusive semil. B-decays

Exp. Theor.

Excl.
. o) lo)
Error: 7% 14%
. . o
Projected: 1% N e —
e KRWWY
s ST SPD
HeH Average, all g°
vuUKQCD | | 216GV _ Latico QCD
_ A APE ——— JLQCD
- o Fermilab H b =+ APE
o JLQCD L H—— UI(ECJCD mvﬁ‘;-
M H——— Average, (g° = 16 Ge
> NROED 15-20% o < 16 GeV-
I - LGSR i g WITHIN b s 8 ch; -
tof— LGSR QUENCHING K .
I 4,/ pH——H | Average, - < 16 GeV
_ === Average of LQCD + LCSR
- = 8= xfv:LQGCD + LCSR
0.00 ‘ '5 - = |—tl:.:t|—| :r:rv+ph LQGD+ LGSH
20 25 30 35 40 45 50 55 5.0

|\.rm|x 10°




Exclusive/Inclusive V

Exclusive

CLEO (B° — pI'v)
3.24£034+ 058

BABAR éB =p TV
3.59+0.35+ 0.66

Belle (B — @lv)
3.10 £ 0,30+ 0.60
CLEO (B" = I'v)
3124 £ 026+ 048
CLEO (B" — p I'v)
3.00 £ 039+ 0.52

ALEPH

4.12+067£071
L3

570+ 1.00% 140
DELFPHI

4.07 0652061
OPAL

4000712071

CLEO (end ing)
4.11+020+ 06

BABAR (cnd&)oim)
431 £025£ 079,
BELLE (m -Q7)

1,63 + 045+ 0.63
BABAR ()
5.04+0.37+0.65
BELLE (endpoin)
201073

3199+0
Average

4571061

HFAG

x’—fdole 5.7/4 (ClL =22.1%

2




Unitary Triangle Analysis:
RESULTS AND
PERSPECTIVES
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FIT RESULTS |

‘ P =0.174 £ 0.048 ‘

‘ N = 0.344  0.027 ‘

Ut Sin20=-0.14 £ 0.25

=

Probability density
Probability density

=
=)
[+

Sin2p3 = 0.697 + 0.036

.8 1
sin2f

_ v =(61.9 £ 7.9)°




INDIRECT EVIDENCE OF CP VIOLATION
3 FAMILIES — - Only 1 phase - Angles from Sides

3 FAMILIES — -Only 1 phase - Angles from Sides

Sin2P; o ... = 0.685 % 0.047 ||Sin2p,, ., = 0.739 * 0.048

Prediction (Ciuchini et al., 2000): Sin2f,., = 0.698 * 0.066 3
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Am_NOT USED

[ UTﬁtl

004

Probability density

Am_ = (20.5 % 3.2) ps-'

| WITH ALL CONSTRAINTS |

0.06 UTﬁ'f

0.04-

Probability density

0,02

o 10 20 S0 qa

A M,

Am_=(18.0 £ 1.6) ps-'

A measurement is expected at FERMILAB
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IMPACT OF IMPROVED

DETERMINATIONS

14

B«=0.86+0.06 D44 f B, =276 3aMeV
21

£=124£0.04: 00 sin2p =0.734 £ 0.064)

V,, =(32.4 2.4 £+ 24)10* (exclusive only)
TODAY NEXT YEARS

: D:
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-0.5 ] 0s 1 - -1 -0.5 0 05

Ap = 28% — 17% (-40%) An = 7.8% — 5.2% (-33%) 32
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NEW PHYSICS
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THE “COMPATIBILITY” PLOTS

1) “To which extent improved experimental
determinations will be able to detect New Physics?”

B 50 exclusion zone

60 1

0.9

a(sin2f3)

(A M)

0.8

0.7

0.6
0.5

04

0.4 06 DB i 0
sin2p

20 40 60 B0 100 120 % 5 10 15 20 25 30 35 40

¥ A M,

Compatibility between direct and indirect determinations as a
function of the measured value and its experimental uncertainty
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SEARCH FOR NEW PHYSICS

2) "Given the present theoretical and experimental

constraints, to which extent the UTA can still be
affected by New Physics contributions?”

An interesting .. — o
case: New Physics in B,~B, mixing

The New Physics mixing amplitudes can be parameterizec
in a simple general form:

| Amgy = C, (Amg)>M
My =Cq e29(My)>" w451y k) ~ sin2(p+o,)
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TWO SOLUTIONS:

Standard Model

- - poo - solution:
2 el [ — =
o 3 Ca=1¢4=0
z" Z o004
o ‘s .
a8 a8
nE_nmns E .
0.002 @, can be only determined up
[ to a trivial twofold ambiguity:
F __-i I:l B"'(Pd = “_B_(Pd
5 3 i 08050402 D 0204 0606 1
C B-dll‘l:2 Phi_Bdfit2
H::: Q:
-u:_lUTf”
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HOW CAN WE DISCRIMINATE BETWEEN
THE TWO SOLUTIONS?

:

UTfit

E

:

5
:

:
-

Probability density
Probability density
Probability density

=)
o
[=1
@ —
I:l_ .,,."
mf g
afh
ma
el
=
—————
= —

-1 -0.B-0.6-0.4-02 -0 D2 04 06 DB 1 0D 01 020304050607 0.E08 1

O, MW, Y [B-DKD, [Vigl [B—pyl, .

_— T _— —
_—

\\\\Bell e [ Independent of NP | + \LQCW
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/y = 81° £ 19° + 13° (syst) £ 11° (mod)\] Belle pr'eliminam




Coming back to the Standard Model:

15 YEARS OF (p-if) DETERMINATIONS

(The “commercial” plot)




CONCLUSIONS

@ LATTICE QCD CALCULATIONS HAD A CRUCIAL IMPACT
ON TESTING AND CONSTRAINING THE FLAVOR SECTOR OF
THE STANDARD MODEL

@ IN THE PRECISION ERA OF FLAVOR PHYSICS, LATTICE
SYSTEMATIC UNCERTAINTIES MUST (AND CAN) BE
FURTHER REDUCED

@ IMPORTANT, BUT MORE DIFFICULT PROBLEMS (NON
LEPTONIC DECAYS, RARE DECAYS, ...) ARE ALSO BEING
ADDRESSED
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